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IMPEDANCE-MATCHED OUTPUT DRIVER CIRCUITS 
HAVING LINEAR CHARACTERISTICS AND ENHANCED COARSE 

AND FINE TUNING CONTROL 

Field of the Invention 

The present invention relates to integrated circuit devices and, more 
particularly, to output driver circuits that drive off-chip loads. 

Background of the Invention 

Output driver circuits are freguently configured to have impedance 
matching characteristics that enable off-chip loads to be driven more 
efficiently. FIG. 1 illustrates a conventional impedance-matched output 
driver circuit 10 having a totem pole arrangement of PMOS pull-up 
transistors and NMOS pull-down transistors therein. As illustrated, a pull- 
up path of the driver circuit 1 0 includes a plurality of PMOS pull-up 
transistors, shown as MPO and MP1, and a pull-down path of the driver 
circuit 10 includes a plurality of NMOS pull-down transistors, shown as 
MNO and MN1 . The PMOS pull-up transistor MPO, which is responsive to 
an active low input signal PUX, operates as a pass transistor that becomes 
active when an output terminal (OUT) of the driver circuit 10 is to be 
switched low-to-high. However, the PMOS pull-up transistor MP1 may 
comprise a plurality of parallel-connected PMOS transistors that are 
responsive to respective bits of a multi-bit pull-up control signal. This multi- 
bit pull-up control signal, which is an active low signal, is shown as 
PUX_CODE. In some cases, the plurality of parallel-connected PMOS 
transistors may represent an array of binary weighted transistors that are 
selectively "enabled to match impedance characteristics of a load (not 
shown) connected to the output terminal OUT. The value of the pull-up 



control signal PUX_GODE may be updated periodically to maintain the 
impedance matching characteristics of the driver circuit 10. 

The NMOS pull-down transistor MPO, which is responsive to an 
active high input signal PD, operates as a pass transistor that becomes 
active when an output terminal OUT of the driver circuit 1 0 is to be 
switched high-to-low. The NMOS pull-down transistor MN1 may comprise 
a plurality of parallel-connected NMOS transistors that are responsive to 
respective bits of a multi-bit pull-down control signal. This multi-bit pull- 
down control signal, which is an active high signal, is shown as PDCODE. 
The plurality of parallel-connected NMOS transistors may represent an 
array of binary weighted transistors that are selectively enabled to match 
impedance characteristics of the load. The value of the pull-down control 
signal PD_CODE may be updated periodically to maintain the impedance 
matching characteristics of the driver circuit 10. 

As will be understood by those skilled in the art, the pass transistors 
MPO and MNO will go into saturation before the output terminal OUT 

» 

switches through VaVDDQ, when VDDQ, which is the power supply voltage, 
is reduced. As illustrated by the l-V curve of FIG. 2, when the output 
terminal OUT of the driver circuit 10 of FIG. 1 is swept from GND to VDDQ, 
a highly nonlinear l-V characteristic is observed after the voltage of the 
output terminal (V 0UT ) exceeds about /4VDDQ, where VDDQ = 1.5 Volts. 
Furthermore, the speed of the driver circuit 10 may be limited by the fact 
that both the pull-up and pull-down paths include a serial connection of two 
transistors, which means that relatively large transistors are required to 
maintain sufficiently high switching speed. 

FIG. 3 illustrates another conventional driver circuit 12 that includes 
two parallel pull-up paths and two parallel pull-down paths. The pull-up 
paths include the series combination of PMOS transistors MPO and MP1 in 
parallel with PMOS transistor MP2. The pull-down paths include the series 
combination of NMOS transistors MNO and MN1 in parallel with NMOS 
transistor MN2. The PMOS transistor MPO and the NMOS transistor MNO 
are configured as MOS diodes, which operate to improve the linearity of 
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the driver circuit 12. However, because two of the transistor gates are 
connected to the output terminal OUT, the driver circuit 12 of FIG. 3 may 
have relatively poor electrostatic discharge (ESD) characteristics and 
relatively high output capacitance. The ESD characteristics of the driver 
circuit 12 may be improved by adding resistors at the gate terminal of 
PMOS transistor MPO and gate terminal of NMOS transistor MNO, however 
this will result in an RC delay that may limit voltage tracking between the 
gate terminals of the transistors MPO and MNO and the output terminal 
OUT. 

Thus, notwithstanding these conventional output driver circuits, there 
continues to be a need for driver circuits having highly linear l-V 
characteristics at low power supply voltages. 

Summary of the Invention 

Impedance-matched output driver circuits according to embodiments 
of the present invention have highly linear drive characteristics over a 

range of different test and process conditions. These linear drive 

• ■ 

characteristics, which may be coarsely and finely tuned during operation, 
are also impedance-matched to off-chip loads that are connected to 
outputs of the driver circuits. In some embodiments of the present 
invention, the output driver circuits include a first totem pole driver stage 
and a second totem pole driver stage. The first totem pole driver stage 
includes at least one PMOS pull-up transistor and at least one NMOS pull- 
down transistor therein that are responsive to a first pull-up signal and a 
first pull-down signal, respectively. The second totem pole driver stage has 
at least one NMOS pull-up transistor and at least one PMOS pull-down 
transistor therein that are responsive to a second pull-up signal and second 
pull-down signal, respectively. The linearity of the output driver circuit is 
enhanced by including a first resistive element that extends between the 
first and second totem pole driver stages. In particular, the first resistive 
element has a first terminal, which is electrically coupled to drain terminals 
of the at least one PMOS pull-up transistor and the at least one NMOS pull- 
down transistor in the first totem pole driver stage, and a second terminal, 



which is electrically coupled to source terminals of the at least one NMOS 
pull-up transistor and the at least one PMOS pull-down transistor in the 
second totem pole driver stage. 

According to preferred aspects of these embodiments, the at least 
one PMOS pull-up transistor includes a coarsely tuned array of binary 
weighted PMOS pull-up transistors in parallel with a finely tuned array of 
non-binary weighted PMOS pull-up transistors. Similarly, the at least one 
NMOS pull-down transistor includes a coarsely tuned array of binary 
weighted NMOS pull-down transistors in parallel with a finely tuned array of 
non-binary weighted NMOS pull-down transistors. Moreover, the at least 
one NMOS pull-up transistor includes a coarsely tuned array of binary 
weighted NMOS pull-up transistors in parallel with a finely tuned array of 
non-binary weighted NMOS pull-up transistors. Likewise, the at least one 
PMOS pull-down transistor includes a coarsely tuned array of binary 
weighted PMOS pull-down transistors in parallel with a finely tuned array of 
non-binary weighted PMOS pull-down transistors: The second totem pole 
driver stage may further include a normally-on PMOS pull-up transistor, 
which has a drain terminal electrically connected to a drain terminal of the 
at least one NMOS pull-up transistor and a source terminal that is 
electrically coupled to a power supply line. The second totem pole driver 
stage may also include a normally-on NMOS pull-down transistor, which 
has a drain terminal electrically connected to a drain terminal of the at least 
one PMOS pull-down transistor and a source terminal that is electrically 
coupled to reference supply line. 

In other embodiments of the present invention, an output driver 
circuit is provided having a totem pole driver stage therein. The totem pole 
driver stage includes a PMOS pull-up path and an NMOS pull-down path 
therein, which are electrically connected in series between a power supply 
line and a reference supply line. According to preferred aspects of these 
embodiments, the PMOS pull-up path includes at least one PMOS pass 
transistor having a drain terminal that is electrically coupled to an output 
terminal of the output driver circuit and a gate terminal that is responsive to 



a first pull-up -control signal. An array of PMOS pull-up transistors are also 
provided within the pull-up path. The PMQS pull-up transistors within the 
array have drain terminals that are electrically coupled to a source terminal 
of the at least one PMOS pass transistor and gate terminals that are 
responsive to course and fine pull-up enable signals. In particular, the 
array of PMOS pull-up transistors includes a coarsely tuned array of binary 
weighted PMOS pull-up transistors in parallel with a finely tuned array of 
non-binary weighted PMOS pull-up transistors, 

Similarly, the NMOS pull-down path includes at least one NMOS 
pass transistor having a drain terminal that is electrically coupled to the 
output terminal of the output driver circuit and a gate terminal that is 
responsive to a first pull-down control signal. The pull-down path also 
includes an array of NMOS pull-down transistors. The NMOS pull-down 
transistors within the array have drain terminals that are electrically coupled 
to a source terminal of the at least one NMOS pass transistor and gate 
terminals that are responsive to course and fine pull-down enable signals. 
In particular, the array of NMOS pull-down transistors includes a coarsely 
tuned array of binary weighted NMOS pull-down transistors in parallel with 
a finely tuned array of non-binary weighted NMOS pull-down transistors. 
Moreover, the at least one PMOS pass transistor may include first and 
second PMOS pass transistors that are responsive to first and second pull- 
up control signals, respectively. In this case, the second PMOS pass 
transistor is about twice as wide as the first PMOS pass transistor, which 
enables the second PMOS pass transistor to turn on shortly after the first 
PMOS pass transistor turns on. Similarly, the at least one NMOS pass 
transistor may include first and second NMOS pass transistors that are 
responsive to first and second pull-down control signals, respectively. 

Brief Description of the Drawings 

FIG. 1 is an electrical schematic of a conventional impedance- 
matched output driver circuit having a totem pole arrangement of PMOS 

V 

pull-up transistors and NMOS pull-down transistors therein. 



FIG. 2 is an l-V curve that illustrates the pull-down characteristics of 
the driver circuit of FIG. 1 . 

FIG. 3 is an electrical schematic of a conventional impedance- 
matched output driver circuit having MOS diodes therein that compensate 
for non-linear MOS characteristics. 

FIG. 4 is an electrical schematic of an impedance-matched output 
driver circuit according to an embodiment of the present invention. 

FIG. 5 is an l-V curve that illustrates the pull-down characteristics of 
the driver circuit of FIG. 4, without resistor RO (i.e., RO = 0 ohms). 

FIG. 6 is an l-V curve that illustrates the pull-down characteristics of 
the driver circuit of FIG. 4, with RO = 10 ohms. 

FIG. 7 is an electrical schematic of an impedance-matched output 
driver circuit according to another embodiment of the present invention. 

FIG. 8 is an electrical schematic of an impedance-matched output 
driver circuit according to a further embodiment of the present invention. 

FIG. 9 is an electrical schematic of a pre-driver circuit that is 
configured to generate the control signals received by the driver circuit of 
FIG, 7. 

■ 

Detailed Description of Preferred Embodiments 
The present invention now will be described more fully herein with 
reference to the accompanying drawings, in which preferred embodiments 
of the invention are shown. This invention may, however, be embodied in 
many different forms and should not be construed as being limited to the 
embodiments set forth herein; rather, these embodiments are provided so 
that this disclosure will be thorough and complete, and will fully convey the 
scope of the invention to those skilled in the art. Like reference numerals 
refer to like elements throughout and signal lines and signals thereon may 
be referred to by the same reference characters. Signals may also be 
synchronized and/or undergo minor boolean operations (e.g., inversion) 
without being considered different signals. The suffix "X" (or prefix symbol 
T) to a signal name may also denote a complementary data or information 
signal or an active low control signal, for example. 
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Referring now to FIG. 4, an impedance-matched output driver circuit 
20 according to an embodiment of the present invention will be described. , 
The driver circuit 20 includes a first totem pole driver stage having at least 
one PMOS pull-up transistor P1 and at least one NMO$ pull-down 
5 transistor N1 therein. The at least one PMOS pull-up transistor P1 is 

responsive to a first pull-up signal, shown as PUX, and the at least one 
NMOS pull-down transistor N1 is responsive to a first pull-down signal, 
shown as PD. The first pull-up signal PUX is an active low signal and the 
first pull-down signal PD is an active high signal. A second totem pole 

10 driver stage is also provided. The second totem pole driver stage has at 

least one NMOS pull-up transistor N2 and at least one PMOS pull-down 
transistor P2 therein. The at least one NMOS pull-up transistor N2 is 
responsive to a second pull-up signal PU and the at least one PMOS pull- 
down transistor P2 is responsive to a second pull-down signal PDX. The 

15 second pull-up signal PU is an active high signal and the second pull-down 

signal PDX is an active low signal (where /PU=PUX and /PD=PDX). The 
second totem pole driver stage may also include a normally-on PMOS pull- 
up transistor PPU in a pull-up path and a normally-on NMOS pull-down 
transistor NPD in a pull-down path. These normally-on transistors, which 

20 are optional, provide improved ESD performance. 

The resistor R1 , which is electrically connected between an output 
node of the second totem pole driver stage (shown as NODE2) and an 
output terminal OUT of the driver circuit 20, is an optional resistor that 
provides improved ESD performance. The resistor R0, which is connected 

25 between an output node NODE1 of the first totem pole driver stage and the 

output node NODE2, is provided to improve the linearity of the driver circuit 
20, as explained more fully hereinbelow. The resistance of resistor R1 is 
typically smaller than the resistance of R0, however, in some cases the 
reverse may be true. 

30 Operation of the output driver circuit 20 of FIG. 4 will now be 

described more fully with reference to FIGS. 5-6. In particular, FIG. 5 is an 
l-V curve that illustrates the pull-down characteristics of the driver circuit 20 
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of FIG. 4 without resistor RO (i.e., RO = 0 ohms) and with R1 =0, and FIG. 6 
is an l-V curve that illustrates the pull-down characteristics of the driver 
circuit 20 of FIG. 4, with R0 = 10 ohms and R1 =5. FIG. 5 illustrates three I- 
V curves: l P2 , l N1 and l 0UT (where l 0UT = l P2 + l N1 ). The l-V curve !p 2 
5 represents current through the at least one PMOS pull-down transistor P2 

when the output terminal is swept low-to-high from the ground reference 
voltage (GND) to the power supply voltage (VDDQ) (with PU=0, PUX=1 , 
PD=1 and PDX=0). Similarly, the l-V curve l N1 represents current through 
the at least one NMOS pull-down transistor N1 when the output terminal is 

10 swept low-to-high from the ground reference voltage (GND) to the power 

supply voltage (VDDQ). As illustrated by FIG. 5, when the voltage at 
NODE2 is less than Vtp (where Vtp is the threshold voltage of PMOS pull- 
down transistor P2) and the voltage of NODE1 is less than VDDQ-Vtn 
(where Vtn is the threshold voltage of NMOS pull-down transistor N1 ), then 

15 the NMOS pull-down transistor N1 is in its linear region of operation and 

PMOS pull-down transistor P2 is off. Accordingly, the l-V curve l 0UT has a 

* * 

linear characteristic when the voltage at the output terminal OUT (i.e., V OUT ) 
is small. However, as the voltage at the output terminal OUT increases, 
the voltages at the nodes NODE1 and NODE2 increase. When the voltage 

20 at NODE1 becomes greater than VDDQ-Vtn, the NMOS pull-down 

transistor N1 enters saturation and the curve l N1 shows non-linear 
characteristics. When the voltage at NODE2 exceeds Vtp, the PMOS pull- 
down transistor P2 begins to turn on and the current I P2 flowing through 
PMOS pull-down transistor P2 can compensate for the non-linearity of l N1 . 

25 . However, if process and temperature conditions cause Vtn and Vtp to 

increase, then the curve l N1 will shift left and the curve l P2 will shift right. 
This will cause the l-V curve l OUT to have a relatively wide middle portion 
that is non-linear, as illustrated by FIG. 5. 

The l-V curve l OUT of FIG. 5 can be improved by having the PMOS 

30 pull-down transistor P2 of FIG. 4 turn on earlier (before the NMOS pull- 

down transistor N1 enters saturation) when the output terminal OUT is 
swept low-to-high. This will have the effect of moving the curve l P2 to the 
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left. Adding the resistor RO between NODE1 and NODE2 will have the 
effect of making the voltage at NODE1 lower than the voltage at NODE2 
when the output terminal is swept low-to-high. This, in turn, will cause the 
NMOS pull-down transistor N1 to enter saturation at a higher output 
voltage (V OUT ) and result in a shift to the right of curve l N1 , as illustrated by 
FIG. 6. By setting the value of the resistor RO to a level sufficient to delay 
the onset of saturation in NMOS pull-down transistor N1 until the PMOS 
pull-down transistor P2 has turned on, the linearity of the l-V curve l OUT can 
be significantly improved. 

Referring now to FIG. 7, an impedance-matched output driver circuit 
20" according to another embodiment of the present invention will be 
described. The driver circuit 20' of FIG. 7 is similar to the driver circuit 20 
of FIG. 4, however, each one of the PMOS transistors P1 and P2 in FIG. 4 
has been replaced by two (2) arrays of PMOS transistors and each one of 
the NMOS transistors N1 and N2 in FIG. 4 has been replaced by two (2) 
arrays of NMOS transistors. These arrays of transistors enable the output 
driver circuit 20' to be accurately matched to an impedance of an off-chip 
load that is being driven by the output terminal OUT. 

In particular, the PMOS pull-up transistor Pt in FIG. 4 can be 
replaced by a coarsely-tuned array of binary weighted PMOS pull-up 
transistors and a finely-tuned array of non-binary weighted PMOS pulUup 
transistors. The coarsely-tuned array of binary weighted PMOS pull-up 
transistors is illustrated in FIG. 7 as including five (5) PMOS transistors 
having widths equal to: W P1 , 2W P1 , 4W P1 , 8W P1 and 16W P1 , as illustrated. 
These five PMOS transistors are responsive to respective bits of a coarse 
PMOS pull-up control signal PU_CX<4:0>, with one or more of the coarse 
bits being set to an active low level. Thus, the coarse PMOS pull-up 
control signal PU_CX<4:0> may have 2 5 =32 possible values. The finely- 
tuned array of non-binary weighted PMOS pull-up transistors is illustrated 
in FIG. 7 as including nine (9) PMOS transistors having widths equal to: 
W P1 , W P1 +3 lf W P1 +2(3 1 , W Pl +3P 1f W Pl +43 1f W^+Sft, W P1 +6p lt W P1 +7(3 1 and 
W FP1 . In some cases, the PMOS transistor having a width equal to W FP1 is 



optional and represents one bit of fine tuning where W FP1 * W P1 +n(3 1 (where 
n is a non-negative integer). These nine PMOS transistors are responsive 
to respective bits of a fine PMOS pull-up control signal PU_FX<8:0>. The 
fine PMOS pull-up control signal PU_FX<8:0> may be set so that only one 
5 of the bits PU_FX<7:0> is set to an active low level. The single bit 

PU _FX<8> may also be set high or low depending on whether one : 
additional bit of fine control is necessary. Thus, the fine PMOS pull-up 
control signal PU_FX<8:0> may have 16 possible values. . 

Similarly, the NMOS pull-up transistor N2 in FIG. 4 can be replaced 

10 by a coarsely-tuned array of binary weighted NMOS pull-up transistors and 

a finely-tuned array of non-binary weighted NMOS pull-up transistors. The 
coarsely-tuned array of binary weighted NMOS pull-up transistors is 
illustrated in FIG. 7 as including five (5) NMOS transistors having widths 
equal to: W N2 , 2W N2 , 4W N2 , 8W N2 and 16W N2 , as illustrated. These five 

15 NMOS transistors are responsive to respective bits of a coarse NMOS pull- 

up control signal PU_C<4:0>, with one or more of the coarse bits being set 
to an active high level. Thus, the coarse NMOS pull-up control signal 
PU_C<4:0> may have 2 5 =32 possible values. The finely-tuned array of 
non-binary weighted NMOS pull-up transistors is illustrated in FIG. 7 as 

20 including nine (9) NMOS transistors having widths equal to: W N2) W N2 +P 2 , 

W N2 +23 2 , W N2 +3P 2 , W N2 +4P 2 , W N2 +53 2 , W N2 +6(3 2 , W N2 +73 2 and W FN2 . In 
some cases, the NMOS transistor, having a width equal to W FN2 is optional 
and represents one bit of fine tuning where W FN2 * W N2 +n3 2 (where n is a 
non-negative integer). These nine NMOS transistors are responsive to 

25 respective bits of a fine NMOS pull-up control signal PU F<8:0>. The fine 

NMOS pull-up control signal PU_F<8:0> may be set so that only one of the 
bits PU_F<7:0> is set to an active high level. The single bit PU_F<8> may 
also be set high or low depending on whether one additional bit of fine 
control is necessary. Thus, the fine NMOS pull-up control signal 

30 PU__F<8:0> may have 16 possible values. 

As further illustrated by FIG. 7, the NMOS pull-down transistor N1 in 
FIG. 4 can be replaced by a coarsely-tuned array of binary weighted 



.10- 



NMOS pull-down transistors and a finely-tuned array of non-binary 
weighted NMOS pull-down transistors. The coarsely-tuned array of binary 
weighted NMOS pull-down transistors is illustrated as including five (5) 
NMOS transistors having widths equal to: W N1 , 2W N1 , 4W N1 , 8W N1 and 
16W N1 , as illustrated. These five NMOS transistors are responsive to 
respective bits of a coarse NMOS pull-down control signal PD_C<4:0>, 
with one or more of the coarse bits being set to an active high level. Thus, 
the coarse NMOS pull-down control signal PD_C<4:0> may have 2 5 =32 
possible values. The finely-tuned array of non-binary weighted NMOS pull- 
down transistors is illustrated in FIG. 7 as including nine (9) NMOS 
transistors having widths equal to: W N1? W N1 +a 1f W N1 +2a 1f W N1 +3a t , 
W N1 +4q 1f W N1 +5a 1f .W N1 +6a 1f W N1 +7a 1 and W FN1 . In some cases, the 
NMOS transistor having a width equal to W FN1 is optional and represents 
one bit of fine tuning where W FN1 W N1 +na 1 (where n is a non-negative 
integer). These nine NMOS transistors are responsive to respective bits of 
a fine NMOS pull-down control signal PD_F<8:0>. The fine NMOS pull- 
down control signal PD_F<8:0> may be set so that only one of the bits 
PD_F<7:0> is set to an active high level. The single bit PD_F<8> may also 
be set high or low depending on whether one additional bit of fine control is 
necessary. Thus, the fine NMOS pull-down control signal PD_F<8:0> may 
have 16 possible values. 

Finally, the PMOS pull-down transistor P2 in FIG. 4 can be replaced 
by a coarsely-tuned array of binary weighted PMOS pull-down transistors 
and a finely-tuned array of non-binary weighted PMOS pull-down 
transistors. The coarsely-tuned array of binary weighted PMOS pull-down 
transistors is illustrated as including five (5) PMOS transistors having 
widths equal to: W P2 , 2W P2 , 4W P2 , 8W P2 and 16W P2 , as illustrated. These 
five PMOS transistors are responsive to respective bits of a coarse PMOS 
pull-down control signal PD_CX<4:0>, with one or more of the coarse bits 
being set to an active low level. Thus, the coarse PMOS pull-down control 
signal PD_CX<4:0> may have 2 5 =32 possible values. The finely-tuned 
array of non-binary weighted PMOS pull-down transistors is illustrated in 



FIG. 7 as including nine (9) PMOS transistors having widths equal to: W P2 , 
W P2 +a 2 , W P2 +2a 2 , W P2 +3a 2 , W P2 +4a 2 , W P2 +5a 2 , W P2 +6a 2 , W P2 +7a 2 and 
W FP2 . In some cases, the NMOS transistor having a width equal to W FP2 is 
optional and represents one bit of fine tuning where W FP2 * W P2 +na 2 
5 (where n is a non-negative integer). These nine PMOS transistors are 

responsive to respective bits of a fine PMOS pull-down control signal 
PD_FX<8:0> The fine PMOS pull-down control signal PD_FX<8:0> may 
be set so that only one of the bits PD_FX<7:0> is set to an active low level. 
The single bit PD_FX<8> may also be set high or low depending on 

10 whether one additional bit of fine control is necessary. Thus, the fine 

PMOS pull-down control signal PD_FX<8:0> may have 16 possible values. 

The multi-bit pull-up and pull-down control signals illustrated by FIG. 
7 are generated by a pre-driver circuit that is responsive to pull-up and pull- 
down enable signals (coarse and fine), a pair of complementary data 

15 signals (DIN and DINX) and an active high output enable signal (OE). An 

exemplary pre-driver circuit 22 is illustrated by FIG. 9. This pre-driver 
circuit 22 is responsive to various enable signals. These enable signals 
include a coarse pull-up enable signal PU_CS EN<4:0>, a fine pull-up 
enable signal PU_FN_EN<8:0>, a coarse pull-down enable signal 

20 PD_CS_EN<4:0> and a fine pull-down enable signal PD_FN_EN<8:0>. 

These enable signals have active high levels that identify which ones of the 
pull-up and pull-down transistors within FIG. 7 are active during a switching 
time interval. These enable signals may be signals that are latched by 
latching circuitry (not shown) and periodically updated to provide accurate 

25 impedance matching characteristics to the output driver circuit 20". As will 

be understood by those skilled in the art, an impedance matching circuit 
having coarse and fine PMOS and NMOS arrays similar to those illustrated 
by FIG. 7 may be used to generate impedance matching signals that are 
provided to the latching circuitry. This impedance matching circuit may 

30 also utilize a high precision off-chip resistor(s) to facilitate tuning of the 

impedance matching signals. In particular, an impedance matching circuit, 
which correspond to a portion of the driver circuit 20' of FIG. 7, may 

• T 
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include: a resistor RO, the coarsely-tuned array of binary weighted PMOS 
pull-up transistors, the finely-tuned array of non-binary weighted PMOS 
pull-up transistors, the coarsely-tuned array of binary weighted NMOS pull- 
up transistors and the finely-tuned array of non-binary weighted NMOS 
pull-up transistors, as illustrated by the pull-up transistors in FIG. 7. The 
impedance matching circuit may also include: a resistor RO, the coarsely- 
tuned array of binary weighted NMOS pull-down transistors, the finely- 
tuned array of non-binary weighted NMOS pull-down transistors, the 
coarsely-tuned array of binary weighted PMOS pull-down transistors and 
the finely-tuned array of non-binary weighted PMOS pull-down transistors, 
as illustrated by the pull-down transistors in FIG. 7. As will be understood 
by those skilled in the art, the pull-up impedance defined by the pull-up 
transistors is initially matched to a high precision off-chip resistor and then 
the pull-down impedance defined by the pull-down transistors is matched to 

* • 

the pull-up impedance, or vice versa. 

When the output enable signal is inactive (i.e., OE=0), all of the 
coarse and fine pull-up and pull-down control signals generated by the pre- 
driver circuit 22 of FIG. 9 will be inactive and the output terminal OUT of the 
output driver 20' of FIG. 7 will be disposed in a high impedance state. 
However, when the output enable signal is active (i.e., OE-1) and the true 
data signal (DIN) is switched low-to-high, respective ones of the coarse . 
pull-up control signals PU_C<4:0> and PU_CX<4:0> and fine pull-up 
control signals PU_F<8:0> and PU_FX<8:0> will become active to pull the 
output terminal OUT low-to-high. Similarly, when the output enable signal 
is active (i.e., OE=1) and the true data signal (DIN) is switched high-to-low, 
respective ones of the coarse pull-down control signals PD_C<4:0> and 
PD_CX<4:0> and fine pull-down control signals PD_F<8:0> and 
PDJFX<8:0> will become active to pull the output terminal OUT high-to- 
low. 

Referring now to FIG. 8, an impedance-matched output driver circuit 
30 according to another embodiment of the present invention includes a 
totem pole driver stage having a PMOS pull-up path and an NMOS pull- 



down path therein that are electrically connected in series between a power 
supply line (VDDQ) and a ground reference line (GND). The PMOS pull-up 
path includes a first PMOS pass transistor MPU1 and a second PMOS 
pass transistor MPU2, connected as illustrated. The second PMOS pass 

■ * 

5 transistor MPU2 may be twice as wide as the first PMOS pass transistor, 

which has a width W = X (e.g., X = 400 microns). The first and second 
PMOS pass transistors MPU1 and MPU2 may be responsive to respective 
pull-up control signals PU1 and PU2, respectively. These pull-up control 
signals PU1 and PU2 may be switched high-to-low when the output 

10 terminal OUT is to be switched low-to-high. A normally-off PMOS pull-up 

transistor MPU3 and normally-off NMOS pull-down transistor MPD3 may 
be provided to increase ESD resistance at the output terminal OUT. The 
value of the resistor R2 may be about 1 K ohms in some embodiments. 
The NMOS pull-down path includes a first NMOS pass transistor MPD1 

15 and a second NMOS pass transistor MPD2, connected as illustrated. The 

second NMOS pass transistor MPD2 may be twice as wide as the first 

•i _ 

NMOS pass transistor/which has a width W = Y (e.g., Y = 200 microns). 
The first and second NMOS pass transistors MPD1 and MPD2 may be 
responsive to respective pull-down control signals PD1 and PD2, 
20 respectively. These pull-down control signals PD1 and PDU2 may be 

switched low-to-high when the output terminal OUT is to be switched high- 
to-low. 

The pull-up path also includes an array of PMOS pull-up transistors 
having drain terminals that are electrically coupled to source terminals of 

25 the PMOS pass transistors MPU1 and MPU2 and gate terminals that are 

responsive to course and fine pull-up enable signals, shown as 
PU_CS_ENX<4:0> and PU_FN_ENX<8:0>. In particular, the PMOS pull- 
up transistors include a coarsely tuned array of binary weighted PMOS pull- 
up transistors in parallel with a finely tuned array of non-binary weighted 

30 PMOS pull-up transistors. The PMOS pull-up transistors in the coarsely 

tuned array have widths equal to: W P3 , 2W P3 , 4W P3 , 8W P3 and 16W P3 and 
the PMOS pull-up transistors in the finely tuned array have widths equal to: 
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W P3 , W P3 +(3 3 , Wp 3 +2(3 3 , W P3 +3p 3 , W P3 +43 3 , W P3 +50 3 , W P3 +6(3 3 , W P3 +7(3 3 and 
2W P3 (where 3 3 = 1 /8W P3 ). 

The five PMOS pull-up transistors in the coarsely tuned array are 
responsive to respective bits of the coarse pull-up enable signal 
PU_CS_ENX<4:0>, with one or more of the coarse bits being set to an 
active low level. Thus, the coarse pull-up enable signal PU_CS_ENX<4:0> 
may have 2 5 =32 possible values. The nine PMOS pull-up transistors in the 
finely-tuned array are responsive to respective bits of a fine pull-up enable 
signal PU FN_ENX<8:0>, with only one of the bits being set to an active 
low level. Thus, the fine pull-up enable signal PU__FN_ENX<8:0> may 
have nine possible values. 

Similarly, the pull-down path includes an array of NMOS pull-down 
transistors having drain terminals that are electrically coupled to source 
terminals of the NMOS pass transistors MPD1 and MPD2 and gate 

_ - * 

terminals that are responsive to course and fine pull-down enable signals, 
shown as PD_CS_EN<4:0> and PD_FN_EN<8:0>. In particular, the 
NMOS pull-down transistors include a coarsely tuned array of binary 
weighted NMOS pull-down transistors in parallel with a finely tuned array of 
non-binary weighted NMOS pull-down transistors. The NMOS pull-down 
transistors in the coarsely tuned array have widths equal to: W N3 , 2W N3 , 
4W N3 , 8W N3 and 16W N3 and the NMOS pull-down transistors in the finely 
tuned array have widths equal to: W N3 , W N3 +a 3 , W N3 +2a 3 , W N3 +3a 3 , 
W N3 +4a 3 , W N3 +5a 3 , W N3 +6a 3 , W N3 +7a 3 and 2W N3 (where a 3 = YeW N3 ). 

The five NMOS pull-down transistors in the coarsely tuned array are 
responsive to respective bits of the coarse pull-down enable signal 
PD_CS_EN<4:0>, with one or more of the coarse bits being set to an 
active high level. Thus, the coarse pull-down enable signal 
PDU__CS_EN<4:0> may have 2 5 =32 possible values. The nine NMOS pull- 
down transistors in the finely-tuned array are responsive to respective bits 
of a fine pull-down enable signal PD_FN_EN<8:0>, with only one of the bits 
being set to an active high level. Thus, the fine pull-down enable signal 
PD_FNJEN<8:0> may have nine possible values. 



As will be understood by those skilled in the art, an impedance 
matching circuit having coarse and fine PMOS and NMOS arrays similar to 
those illustrated by FIG. 8 may be used to generate impedance matching 
signals. This impedance matching circuit may also utilize a high precision 
off-chip resistor(s) to facilitate tuning of the impedance matching signals. 
In particular, an impedance matching circuit, which corresponds to a 
portion of the driver circuit 30 of FIG. 8, may include a PMOS pass 
transistor, the coarsely-tuned array of binary weighted PMOS pull-up 
transistors (W P3 , 2W P3 , 16W P3 ) and the finely-tuned array of non-binary 
weighted PMOS pull-up transistors (W P3 , W P3 +p 3 , 2W P3 ). With respect 
to the pull-down paths, the impedance matching circuit may also include an 
NMOS pass transistor, the coarsely-tuned array of binary weighted NMOS 
pull-down transistors (W N3 , 2W N3 , ...,16W N3 ) and the finely-tuned array of 
non-binary weighted NMOS pull-down transistors (W N3 , W N3 +a 3 , 2W N3 ). 
Programming operations may be performed to match a pull-up impedance 
defined by the PMOS pass and pull-up transistors to a high precision off- 
chip resistor and then match a pull-down impedance defined by the NMOS 

L 

pass and pull-down transistors to the pull-up impedance, or vice versa. 

In the drawings and specification, there have been disclosed typical 
preferred embodiments of the invention and, although specific terms are 
employed, they are used in a generic and descriptive sense only and not 
for purposes of limitation, the scope of the invention being set forth in the 
following claims. 



